Abstract. 2014 This review is concerned with the development of Auger spectroscopy as a probe of local electronic structure. The contribution that CCC, CCV and CVV Auger transitions can make to the study of electronic structure is reviewed and the appropriate theoretical context for the interpretation of the spectra produced by each process is discussed. It is shown how Auger spectroscopy can yield insight into on-site electron correlation, charge transfer and electron screening in a variety of systems and can be used to develop potential models that give rise to a new scale of electronegativity. Studies of particular transitions reveal the local electron configuration and the shape of the local density of states in the vicinity of a core-ionised site. Auger profiles are sensitive to the hybridisation between d bands and sp bands and to the localisation of screening charge. The recent development of high performance instruments and of sophisticated theoretical techniques is allowing Auger spectroscopy to reach its full potential as a probe of local electronic structure.
Introduction
Pierre Auger first detected the radiationless emission of electrons by core-ionised atoms in cloud chamber experiments in 1925 [1] . The recognition that the cloud chamber tracks had an atomic origin and that the energies of the emitted electrons were characteristic of the element established that Auger spectroscopy had the potential to yield information on elemental distributions on an atomic scale. However it has taken a long time to realise the potential of Auger spectroscopy for elemental analysis. For many years following Auger's discovery technical limitations impeded the development of electron spectroscopy and information about Auger processes was principally obtained indirectly through the study of X-rays [2] . Extensive direct studies of Auger spectra only became possible following the development of high resolution electron spectrometers and ultra high vacuum techniques in the 1960's [3, 4] and from then on Auger spectroscopy developed alongside X-ray photoelectron spectroscopy (XPS) [5, 6] .
The most intense Auger transitions involve states in the atomic core and since the spin-orbit coupling constants of core-hole states can be quite large and the electrostatic interactions between core-holes are strong such transitions usually show a pronounced multiplet structure. This term Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:1995123 structure.is well characterised by the L, S and J quantum numbers describing the coupling of the spin and orbital angular momentum of electrons and for deep core-hole states it has a purely atomic origin and is independent of the atomic environment. The kinetic energies of core-corecore (CCC) Auger electrons are differences in the total energies of different core-ionised atomic states and this gives the process its characteristic elemental signature.
The high intensity of CCC processes meant that they were the first to be studied in detail and used in the development of elementâl mapping techniques. The Auger decay process is usually independent of the mechanism by which the initial core-hole is created so by using electron excitation it was possible to exploit the ease with which electron beams can be focussed and controlled in order to record the intensity of CCC transitions as a function of the position of the incident electron beam on a specimen. This is the essence of Auger spectroscopy as a method of elemental analysis, a technique which is restricted to the surface region of solids by the short escape depths of low energy electrons. The development of the elemental mapping aspect of Auger spectroscopy, an attempt to realise the full atomic scale potential of Auger's discovery, has made considerable advances and is reviewed in another article in this volume.
This article is concerned with the use of Auger spectroscopy as a probe of local electronic structure. Due to technical limitations this aspect of Auger spectroscopy developed more slowly than the use of Auger spectroscopy as a tool of elemental analysis. To begin with the technique depends on high resolution measurements of Auger lineshapes and the most useful transitions usually involve valence holes in the final state, the core-core-valence (CCV) and core-valence-valence (CVV) processes. These transitions are usually weaker than CCC transitions and are often very much weaker. Moreover since the Auger spectrum is often spread over an energy range comparable to the width of the occupied local density of states, (LDOS) and since the required information on local electronic structure is contained in the fine detail of the Auger lineshape there is very little scope to reduce the resolution of the spectrometer in order to increase its sensitivity. Finally the background of scattered electrons produced when using electron excitation often leads to a signal to background problem. This latter problem can often be solved by employing X-ray excitation and in particular cases by optimising signal to background by exploiting the tunablity of synchrotron radiation to selectively excite the transitions of interest [7] .
The key to exploiting the potential of Auger spectroscopy as a probe of electronic structure lies in the development of high performance electron spectrometers which make use of X-ray excitation to reduce the signal to background problem and which are fitted with multidetectors [8] [9] [10] . Significant advances have been made in this field in recent years and Auger spectroscopy is beginning to realise its full potential as a probe of local electronic structure [11] [12] [13] [14] [15] . However we should note at the outset that in order to make high resolution measurements of the spectra of weak transitions it is often necessary to collect data from a large specimen area, typically _ 1 cm2, and this leads to a lack of information concerning specimen homogeneity. By necessity then such studies are usually concerned with establishing the electronic structure, on an atomic scale, of spécimens with a high degree of homogeneity. In partiéular it is difficult to interpret the Auger spectral profiles obtained from elements which occupy more than one local environment in a specimen. This is exactly contrary to the use of Auger spectroscopy for elemental analysis where no information is obtained on electronic structure and priority is given to obtaining information on specimen inhomogeneity on the smallest possible scale. Of course as electron spectroscopies both techniques face the same limitations on the total information that can be obtained from Auger electrons emitted from a surface. They represent opposite extremes of a continuum of choice in instrument design.
In what follows we assume that Auger transitions are well described by a two step process in which the Auger decay of the initial core-hole state can be separated from the creation of the initial core-hole state. Formally this approach is valid provided that the lifetime of the initial state is sufficiently long lived and this is usually the case [16, 17] . We now review in tum the contribution that the Auger spectroscopy of CCC, CCV In general the results of atomic structure calculations give good agreement with the experimental Auger energies of free atoms though there are detailed discrepancies which are worthy of further study [18] [19] [20] [21] . Relativistic effects become important for heavier elements but are well reproduced by calculations [22] [23] [24] [25] and the study of the kinetic energies of KLL Auger processes has provided useful insight into quantum electrodynamic effects [26] .
We begin our consideration of how the study of CCC Auger transitions can be used to probe local electronic structure by ignoring the strong LSJ term structure of CCC processes since it is rare for this to be modified by the local electronic structure of the atomic environment. Instead we consider the most significant changes induced in CCC transitions by the local electronic structure which are the environmentally determined shifts in the absolute kinetic energies of the transitions, AEk. It is useful to combine a consideration of such shifts in Auger kinetic energies with a study of the corresponding shifts in the binding energies of core-levels measured by XPS, AEb, since the simultaneous analysis of such shifts gives considerably more insight into local electronic structure than can be obtained from an analysis of either contribution separately. This is because there are two contributions to environmentally induced Auger and XPS shifts, an initial state contribution that can be attributed to the dependence of the potential in the core of an atom on the local environment and a final state contribution that arises from the response of the local electronic structure to the creation of core-holes. It is easy to relate AEb to these two contributions [27] ;
The creation of a double-hole final state makes it slightly more complicated to establish the influence of the two contributions on the kinetic energies of CCC Auger transitions but to a good approximation [27] ; Wagner [28] was the first to exploit the fact that (1) and (2) can be combined to yield a useful quantity which he called the Auger parameter, a,
The value of Da is that it involves a difference of kinetic energies and as a result systematic errors in the energy referencing of the spectrometer cancel. By employing X-ray excitation and measuring XPS and Auger spectra simultaneously Aa can be measured accurately and to a first approximation it gives a direct determination of the environmentally induced differences in the final state screening contribution to the energy associated with the creation of a core-hole [29] . For this reason Aa has been termed the final state Auger parameter in recent work [30] [31] [32] in order to distinguish it from another way of combining (1) and (2) [4, 27, 34] to relate the potential in an atomic core to the atomic valence charge;
where C represents the contribution from the nucleus and the core electrons, k is the change in the potential in the core when a valence electron is removed and U is the contribution from the chemical environment. By assuming that k and q depend linearly on the occupancy of coreorbitals, N, it can be shown [33] that; where the first term represents the relaxation contribution from shrinkage of the occupied valence orbitals when the atom is core-ionised and the second represents the contribution from transfer of screening charge from the surroundings to the core-ionised atom. The third term gives the effect of the polarization of the surroundings by the core-hole. Equation (7) relates Aa directly to differences in valence charge in the ground state, Aq, and differences in final state screening efficiency 0(dq/dN). It has been applied to the determination of charge transfer in metal alloys [33, 35, 36] , to the analysis of charge transfer and electron screening in bulk semiconductors [37, 38] and at semiconductor surfaces [30, 39] . The analysis of the second and third terms in (7) is particularly difficult in systems with non-local screening and although current treatments in terms of the Jost cavity model [37, 40] and the polarisable atom model [41, 42] are promising there is a need for theoretical advances in this area if the analysis of Auger parameter shifts is to realise its full potential for studies of delocalised electron screening.
The application of (7) to metallic environments introduces two useful simplifications. Firstly the efficient local screening means that the third term will be zero. Secondly it can be assumed that the core-hole screening is on-site with the implication that dq/dN will be unity with exactly one screening electron attracted from the conduction band to the core-ionised site. For a comparison between two metals 0(dq/dN) will thus be zero, giving;
for the case were the valence electrons belong to a single band. When more than one band is involved (7) can be generalised [33] to; where the summation is over the partially filled bands. The parameters k and dk/dN can be obtained from the results of atomic structure calculations for free atoms [33] corrected in the metal for the effects of the compression of the valence charge which will raise the potential in the atomic core [33, 43] . The application of (9) to the shifts observed between elemental Zn and a AuZn alloy and elemental Au and the AuZn alloy gave consistent results for the magnitude and direction of charge transfer in the alloy. A study of a AuMg alloy was equally successful [33] . A significant contribution to the residual inaccuracy (~ 0.03 e) of these determinations of charge transfer arises from the difficulty in determining the effects of the compression of the valence electron wavefunctions in the metallic environment. In principle accurate potential parameters can be determined empirically from a comparison of free atom to elemental metal Auger parameter shifts. However when this was attempted [44] for Na, Mg and Zn a contradiction arose between the assumption of perfect local screening in the metal (dq/dN = 1) and the idea that valence electron compression raises the potential in the atomic cores in the metal. Further analysis by means of Dirac-Fock atomic structure calculations revealed that this contradiction arose from the neglect of significant non-linear terms in the relationship between the valence charge and the atomic potential [44] . For all three elements k was found to depend on the valence charge q, a result found earlier by Snyder [45] , and on the number of core holes, N. Saethre, Siggel and Thomas [46] came to similar conclusions from an analysis of molecular charge distributions. We can thus express k in (6) (12) have been applied to the free atom to elemental metal Auger parameter shifts for Na, Mg and Zn and the results obtained for the effects of compression of the valence charge, on-site screening of core-holes and the magnitude of valence charges are all consistent with expectations [47] .
Recently the parameterised forms of the atomic potentials, (6) and (10) , of the first and second row elements have been evaluated and used to derive a new scale of electronegativity [48] . The results are shown in Figure 1 and yield an approximately linear relationship across each period when compared with Pauling's original scale [49] . However the gradients of the lines of comparison with Pauling's scale are significantly different for the first and second periods a result which may be understood in terms of the difference in the atomic radii of first and second row elements [48] .
The polynomial expansion of the core potential, (6) and (10) , has recently been used to study the contribution that the conduction electrons in a metal make to final state screening [50] . Pre- viously the excited atom model [51, 52] , in which the size of extra-atomic screening is evaluated from a neutral core-excited atomic system, had provided quite good agreement with experimental measurements of the strong local screening that occurs in metals. However this latter approach Williams and Lang's approach [52] to include the effects of the nonlinear dependence of the atomic core potential on the valence charge via (6) and (10) it has been-possible to identify the onset of screening by conduction electrons of d character in the alkali and alkaline earths [50] . It is found that the screening in Na and Mg is well described by sp [57] .
In calculating transition rates for an Auger process involving electrons i, j and k in core states a, b and c of a free atom we begin with the Slater determinental wavefunction of the N electron atom, 03A8(N), in which electrons 1 to N occupy single electron orbitals 01 to ON. The core-hole created in the initial state of the Auger process is assumed to be long lived so we may generate the wavefunction of the initial state by deleting from the atomic Slater determinant the orbital 0,,,, and electron i to form 03A8(N -1, ~a, i). We expect that the presence of the core hole will cause the single electron orbitals to relax from their form in the ground state giving a new set Pi to 0*. The wavefunction of the final state is given by T (N -1, ~b, (0, --+ Xd), j) in which the term in brackets indicates that orbital 0, has been replaced by the continuum orbital Xd occupied by the ejected Auger electron. The relaxation in response to the new atomic potential created in the final state will create a new set of single electron orbitals, 0** to ~**N. The Auger matrix element will be given by;
where the sum over the interelectronic distances, rpq, runs over all electrons p and q such that, p &#x3E; q. The differences in the basis sets of single electron orbitals in the initial and final states makes it difficult to evaluate (13) and it is usual to adopt the frozen orbital approximation in which the basis sets in the initial and final states are both considered to be, 4 & # x 3 E ; i to 4&#x3E;Ñ. The normalisation and orthogonality properties of the basis set then makes it possible to reduce (13) to an expression made up of direct and exchange integrals involving only those orbitals directly involved in the transition;
Although this expression seems quite straight forward, in general the coupling of the angular momentum of the two particle initial and final states gives rise to quite complex expressions [58, 59] which must be evaluated in order to find the transition rates to each LSJ component of the multiplet structure of the final state. For the relatively straight forward case of an atom with completely closed shells except for a single core-hole in the initial state and two holes in the final state (14) becomes [58, 60] ; with In order to evaluate these expressions it is also necessary to know the value of the relevant radial matrix elements D(k, ld) and E(k, ld). Fortunately comprehensive tables of the latter have been produced by McGuire [58 and references therein] who adopts an independent particle, central field, frozen orbital approach with radial wavefunctions, Rnl(r), taken from an HFS treatment of atomic structure [61] . Extensive calculations of transition rates within a relativistic treatment of atomic structure have been published by Crasemann, Chen and co-workers [62] [63] [64] [65] [66] though the radial matrix elements necessary to apply this approach the calculation of the intensities of individual LSJ components of the multiplet structure are not generally available.
An example of the current state of our understanding the atomic spectra of free atoms is given by Vayrynen et al. [67] analysis of the spectra of the M45N45N45 Auger transitions of free Ag atoms (Fig. 2) . The final states of these transitions can also be observed in the optical spectra of Ag and this helps in the interpretation of the multiplet splittings. Vayrynen et al. [67] find small discrepancies between the observed multiplet structure and theoretical results for the splittings and intensities of the multiplet structure components obtained from atomic structure calculations. However these discrepancies are not sufficient to cast doubt on the identification of LSJ components and can be attributed to the effects of electron correlation. [68] for the M45N45N45 Auger spectra of free atom and metallic Cd. The metallic spectrum is shifted -12 eV to higher kinetic energy as a result of electron screening in the final state [23, 68] . Theoretical calculations of the multiplet structure show the same degree of agreement with experiment as is obtained for the spectra of the same transitions for atomic Ag [23, 67, 68] . A comparison of the free atom and metallic spectra show that the multiplet structure is preserved in the metallic state though with an increase in the linewidth of LSJ components. Such an increase is observed in the "quasi atomic" spectra observed from other metals [23, 69] . In Cd the component linewidth increases from -0.3 eV in the free atom to ~ 0.8 eV in the metal [68] . The [75, 76] ;
where in the initial state the core-ionised atomic core has a screening configuration nsxnpY and the final state configuration may be approximated by a ground state configuration nsa npb . Ds(E) and Dp(E), which appear in (17) as convolutions, represent the LDOS of s and p character, normalised to unity and the Mar are the energy independent radial and angular parts of the matrix elements.
In order to relate the results of the theoretical expression (17) to observed CVV profiles it is also necessary to allow for instrumental effects and for the background of scattered electrons. The former should be well known and while the latter can rarely be calculated from first principles it usually has only a small influence on the observed spectral profile and its character is sufficiently understood for it to be modelled successfully [77] . Provided the local densities of states and the matrix elements can be determined it is then possible to deduce the relationship between the ground state and screening configurations in a simple metal by comparing the profile deduced from (17) with experiment. One approach is to determine the local ground state densities of states from band structure calculations evaluated in terms of a local atomic orbital basis set and make use of atomic matrix elements obtained from atomic structure calculations for the corresponding transitions in free atoms [78] . The latter approximation, while not ideal, is quite reasonable when it is remembered that the presence in the Auger matrix element of the wavefunction of the initial core-hole state will ensure that the only parts of the radial wavefunctions of valence orbitals that contribute to the transition rate will be those in the core region. Furthermore the requirement that the valence orbitals be orthogonal to the core-orbitals means that the core region of the valence orbitals will not be strongly perturbed by the solid state environment and finally the presence of the core-hole in the initial state will deepen the potential on the site and draw in the valence wavefunctions weakening the influence of the solid state potential.
The analysis set out in the previous paragraph makes clear that it is possible to obtain useful information from CVV spectra on the changes in local configuration induced by a core-hole though extracting this information requires high quality experimental results together with a sophisticated theoretical analysis. The potential of this approach can be seen from studies of the L2,3 VV and KW spectra of Li, Be [79] and Mg [76] [10, 76] . Recently high resolution spectra have been obtained for the KVV transitions of Si [10] and an analysis of these results has yielded a useful insight into the local electronic structure in the ground state of this important material [82] .
3.2 CORE-VALENCE-VALENCE TRANSITIONS; ELECTRON CORRELATION. -An important restriction on the final state rule is that it only applies to CVV transitions for which the electron correlation, U, between the two holes created in thé final state can be neglected. As U increases the rule ceases to apply and in the limit of large U one observes [83] a "quasi-atomic" profile which is unrelated to the LDOS in the solid and which contains all the LSJ components of the multiplet structure that are present in the spectrum of the free atom. We noted this phenomena earlier for the M45N45N45 transitions of metallic Cd (Fig. 3) Cini [84, 85] and Sawatzky [86] of a theory relating the CVV profile to the ratio of the on-site electron correlation U to the single electron bandwidth W. The theory shows how the profile depends on the ratio of UIW. For U ~ 0 the profile is indistinguishable from a self-convolution of the LDOS, DO(E). As U increases the profile shows an increase in the intensity in the most bound region of DO (E) which develops into a sharp peak. As U increases beyond the value of W a sudden transition occurs to a state in which the majority of the intensity is contained in sharp localised state which splits off to higher binding energy of D0(E). As U/W increases further the split off, "quasi-atomic", peak rapidly accounts for a majority of the intensity in the transition with the remainder distributed in a broad residual "quasi-band" like component in the energy range of nO(E). By recognising that U is different for each LSJ component of the final state multiplet structure Weightman and Andrews [9] where I(LSJ) is the transition rate to the LSJ component of the multiplet structure, U(LSJ) is the on-site electron Coulomb repulsion between electrons localised in the LSJ component of the multiplet structure, and H(E) is the Hilbert transform of DO (E). (18) leads us to expect that the Auger profile will be an envelope of the contributions from the different LSJ components of the multiplet structure the lineshapes of each of which depend on the particular value of the ratio !7(L5'J)/W.
In Figure 4 we show the evolution, in accordance with (18) , of the Auger profile of an idealised representation of the M5N45N45 transitions of Ag as the values of the U(LSJ) increase and U' remains constant. In the calculation the LSJ components of the multiplet structure of the 4d8 final states created by these transitions have been assigned the intensities and energies given by atomic structure calculations, the splittings being expressed relative to the energy of the most intense component, U(1G4), which is the only free parameter in the calculation. The small splittings introduced by interactions with the 5s electrons, which can just be discerned in the high resolution spectra of free atoms [67] (Fig. 2) , are neglected. In these calculations the Ag d band is represented by a 3.5 eV wide square band the self-convolution of which, DO(E), gives rise to a triangular profile with a base width of 7.0 eV A component with U(LSJ) = 0 will give rise to a triangular profile with intensity I(LSJ). As U increases the profile will be distorted. The top panel of Figure 4 corresponds to a value of U(1G4) which is too small to In the experiments on MgAg and AlAg alloys it was found [9] that the U(LSJ) are essentially independent of the alloy but that the d band width, W, was sensitive to alloy composition. A comparison of the M45N45N45 Auger profile as a function of alloy composition thus provided a test of (18) in which the U(LSJ) are approximately constant and W varies. Thus for pure Ag with a d band width off 3.5 eV the !7(L5'J)/W ratio for the least bound components, 3F2,3,4, is insufficient to produce split-off states and the spectral profile departs from that expected from an atomic profile (Fig. 2) . Reducing the Ag d band width to ,...., 2 eV in MgAg is sufficient to create bound states for all LSJ components and the spectrum has a quasi-atomic profile (Fig. 2) .
Equation (18) [99] . Rather surprisingly however the spectral profiles of Cdd transitions observed from the metallic form of the 3d transition elements are remarkably similar [100] . It [105] . Since Na is a good free electron metal it was expected that the spectral profiles of KLV transitions, which create a single final state hole in the conduction band, should reflect the LDOS of the conduction band modified by the influence of matrix element effects. The conduction band densities of states have been observed directly by XPS for the simple metals, Na, Mg and Al, and these follow the shape expected from the Fermi distribution [106, 107] . However although the KI-..,2,3V profiles could be interpreted in terms of a Fermi distribution the spectra of the KLl V transitions showed a puzzling double peaked structure [ 108, 109] that was also observed in the corresponding transitions of metallie Mg and Al. Since the Li and L2,3 final states involve core-hole states, which XPS showed to be quite narrow and therefore relatively long lived, it was expected that they should only introduce a small, -1 eV, lifetime broadening of the KLV profiles and could not account for the two peaked structure of the KLl V profile. However von Barth and Grossman [105] recognized that the presence of a core-hole in the final state would lead to a local distortion of the conduction band density of states and that the spectral shapes of CCV transitions would be determined by the LDOS of this core-ionised final state. Detailed calculations for Na showed that the LDOS of s character, D; (E), was strongly distorted by the presence of a core-hole creating a peak at the bottom of the conduction band. The shape of the LDOS of p character, D1p(E), was found to be relatively insensitive to the presence of a core-hole though the magnitude of D1p(E) did increase to reflect the increased screening of the core-hole. An analysis of KLV matrix elements shows that the KI,2,3 V lineshape will be dominated by Dl (E) with only a small contribution from Dl (E) while the KLI V lineshape will receive approximately equal contribu-tions from D;(E) and Dl (E) and thus show a double peak. Von Barth and Grossman's analysis [105] provided a good understanding of the KLV spectra of Na which has since been confirmed by detailed theoretical studies for the simple metals Mg and AI [110] [111] [112] .
Unfortunately first principles approaches to the interpretation of CCV profiles are difficult and rare since they require self consistent field calculations of the density of states in the coreionised final state in which the translational symmetry, which expedites efficient band structure calculations, is broken by the presence of the core-hole in the final state [15] . However combining the ideas which lead to the representation of the profile of CVV transitions in terms of (17) (19) is based on the assumptions that the matrix elements are independent of both the Auger energy and the energy of the valence electrons and that the full expression for the Auger profile can be separated into LDOS and matrix element components. Equation (19) is useful since by estimating the matrix elements from atomic values or treating their ratio as a free parameter it provides a prescription for comparing theoretical results for the core-hole screening LDOS with experimental Auger profiles. It is particularly useful for analysing KLV transitions where the fact that the KI-.'2,3V profile approximates to D1p(E) and the KLl V profile approximates to Dl (E) + D1p(E) means that a crude superposition of the two profiles yields an appreciation of the extent to which the screening of the final state core-hole distorts Ds (E) [113, 114] .
In applying (19) to the analysis of CCV Auger profiles it is usual to make use of the values of Auger matrix elements deduced from atomic structure calculations. As is made clear by (15) there are two contributions to such matrix elements; the radial integrals, which are usually evaluated from wavefunctions obtained within the frozen orbital approximation from an atomic structure calculation for the core-ionised initial state, and an evaluation of the Clebsch-Gordon algebra and angular momentum coupling contributions of the electron states involved in the transition. As discussed earlier for CVV transitions a reasonable argument can be made for employing atomic radial integrals in an analysis of CCV Auger profiles observed from solids. The angular momentum considerations are more difficult to deal with since, with the exception of the noble gases, atomic calculations for such processes necessarily involve incompletely filled valence shells, resulting in very complex expressions [58, 59] . Furthermore the local yalence configuration is expected to change in the solid and indeed one of the reasons for studying Auger processes involving valence levels is to obtain information on these changes in configuration. This dependence of the matrix elements on the local valence configuration has been exploited for Mg [115] by varying the local valence screening configuration between 3s23p0, 3s13p1 3s23pl, 3s13p2 and 3s23p2 and calculating the relative intensities of valence s and p contributions to the intensities of the KLV transitions.
It is found that the results for the relative intensities depend much more strongly on the assumed form of the valence configuration than on the atomic number, supporting the idea that Auger intensity ratios will be more influenced by the change in valence configuration in the solid than by changes in the radial wavefunctions of the valence electrons. A comparison of the results of these calculations with the observed contributions of the D: (E) and D1p (E) LDOS to the KLV profiles of metallic Mg suggests that core-holes in metallic Mg are screened by electrons of 3p character, the assumption of 3s screening yields results which are incompatible with experiment [115] .
We thus have a model for metallic Mg in which the atomic 3s2 configuration becomes 3s13pl in the ground state and that the screening response to a core-ionised site generates a local 3S13p2
configuration. The conclusion of p screening in metallic Mg is in agreement with the results of calculations by Almbladh and co-workers [80, 81] but disagrees with the results of studies of the CVV profiles of metallic Mg [76] . Almbladh et al. [80, 81] argue that this disagreement arises from an underestimate of the amount of screening charge in p orbitals in the CVV study [76] . This approach has been extended [116] to the study of the complicated spectral profiles observed for the KL2,3 -L2,3L2,3 V Auger satellites of metallic Mg and Al where it gives a satisfactory explanation of the Al spectrum but is unable to account for one of the features in the Mg spectrum.
The distortions in the LDOS of s and p character induced by a core-hole can be modelled in terms of an on-site Coulomb interaction, Ul, between the core-hole and the conduction band DOS of 1 character. Cini [117] has shown that for filled bands the relationship between the ground state LDOS, DP(E), and the LDOS at the core-ionised site, D{(E), can be represented by;
where H(E) is the Hilbert transform of DP(E). It has been shown [ 110, 111] [112, 118] . In
LiMg however the screening peak is strongly enhanced [114] . This is shown by the experimental profiles of the KL1V transitions of Mg in AlssMgls, Mg metal and Li85Mg15 which are represented by the dots in Figure 5 . The double peaked structure of the KLl V profile can be clearly seen for the spectrum observed from metallic Mg, the most bound peak arising from D; (E). This peak is much more prominent in the spectrum observed from Li85Mg15 than in Mg and is absent from the spectrum observed from A18,5Mg,5. A simple understanding of these spectral profiles can be obtained [113, 114] by a consideration of the equivalent cores approximation which leads us to expect that the LDOS around a core-ionised Mg site in pure Mg will be the same as that of an Al impurity in Mg. The need to screen an extra core-charge causes a peak to develop towards the bottom of the conduction band in Dl (E) resulting in a double peaked KLl V profile in Mg.
In the Al rich alloy there will be little difference between the local potential of the core-ionised Mg site and a host Al site and the screening peak will not appear in D;(E). However in the Li rich alloy a core-ionised Mg site will differ by two core charges from that of a Li host site and the screening peak will become pronounced as is observed. As a final comment on the insight into the nature of local screening configurations that can be deduced from the use of approximate methods of analysing CCV Auger spectra we should note that a judicious combination of Auger and X-ray emission profiles observed from simple metals and alloys can be combined with the equivalent cores approximation to yield an empirical method of studying the dependence of the LDOS on the local charge on a site [113] . Such a study shows that while the shape of the LDOS of p character is not distorted in Mg by the presence of a single core-hole the presence of two core-holes does distort the p LDOS and results in the maximum intensity of D2p(E) being pulled to higher binding energy of the Fermi energy [113] . Studies of the KL2,3-L2,sL2,3V Auger satellites of metallic Mg and Al [116] confirm the general expectation that double core-hole states create more severe distortion of the LDOS than single core-hole states.
A sophisticated analysis of the spectra shown in Figure 5 requires a theoretical treatment similar to that originally developed for Na by von Barth and Grossmann [105] . This has recently been obtained by self-consistent field calculations of the local electronic structure within an embedding scheme [112, 119] together with an evaluation of the Auger matrix elements. The results obtained [112] at the various stages of such a calculation for pure Mg are shown in Figure 6 where the top panel, (a), gives the total LDOS and its decomposition into states of s and p character in the ground state. The introduction of a local core-hole gives rise to a screening peak in the LDOS of s character and an increase in the LDOS of p character (b). Finally the calculation of the appropriate matrix elements generates the basic theoretical profile for the KLl V transition shown in (c). It is important to note that this calculation does not follow the form of (19) in that the matrix elements have not been separated from the LDOS and their explicit dependence on both the Auger kinetic energy and the energy of the conduction band electrons is included in the calculation. The significance of this absence of the usual simplifications can be seen in the difference between the results for the LDOS shown in (b) and the spectra including the matrix elements shown in (c). This comparison shows that whereas the overall spectral profile is relatively insensitive to a sophisticated calculation of matrix elements these do have a strong influence on the relative importance of the s and p LDOS contributions as a function of binding energy. In order to compare the theoretical profile of Figure 6c with the expérimental results it is necessary to include in the theoretical profile the lifetime broadening contributions of the initial and final core-hole states, the experimental broadening and a contribution from the background of scattered electrons, all of which are reasonably well understood. The final theoretical profile is shown by the full line in Figure 5b and is in good agreement with experiment. The embedding technique has also been applied [119] to the calculation of the KLl V spectral profiles of the alloys A185 Mg, 5 and Lis5Mg¡5 and the results for these systems, shown by the full lines in Figure 5a and c, are also in good agreement with experiment. The important point about the success of these calculations is not that they reproduce the Auger profiles, though this is satisfying, but that the agreement with experiment confirms that the calculation is successfully reproducing the main features of the local electronic structure in the vicinity of core-ionised sites in all three metals.
It should be noted that the embedding scheme is less successful in calculating the KL2,3V spectral profile of these three metals [112, 119] Figure 6 suggests that such spectra are little influenced by the crystal potential since the embedding scheme is essentially a calculation for a spherical electron gas which does not take account of translational symmetry. The expectation that the translational symmetry of the crystal potential has only a weak effect on the KLV profiles of simple metals is confirmed by high resolution measurements of the KLV spectra of Al obtained by Waddington [15, 120] which reveal weak shoulders at the top of the peak rising from the Fermi energy similar in magnitude to the effect of the crystal potential on the valence band DOS measured in XPS [106, 107] .
The success of the embedding scheme in reproducing the KLl V profiles of Mg in the alloys with Li and Al (Fig. 6 ) makes it possible to evaluate the accuracy of the approximations usually made in analysing such profiles by means of (19) [112, 119] . We have already noted the errors in assessing the energy dependence of the D; (E) and D1p(E) contributions to the KLV profiles that arise from the neglect of the energy dependence of the matrix elements ( Fig. 5b and c) . We can also evaluate the implicit assumption that the matrix elements, and more particularly their ratio, [118] , metallic Mg and Lis5Mg15 [114] respectively. The lines show the results of the theoretical calculations of Fowles et al. [119] .
are independent of the atomic environment. A detailed analysis shows that this simple assumption does not hold for Mg. It is found [119] that the ratio of the transitions rates is as strongly dependent [112] .
on the local environment as the LDOS of s and p character. Fortunately it is possible to make some simplifications of the full first principles calculation and an approximate treatment [112] which allows for the variation of the matrix elements with the energy of the valence electron but neglects their dependence on the kinetic energy of the Auger electron gives quite good agreement with the Mg Auger profile and its dependence on the LDOS of s and p character.
The study of the LiMg and AlMg systems gives us confidence that first principles calculations are capable of explaining the KLV Auger profiles of simple metals and hence give a good representation of the local screening of core-ionised sites and its dependence on electronic structure. The approximate treatments, when combined with the equivalent cores approximation, which allows us to relate core-ionised sites to impurity sites of the next element, also provide insight into the main features of the screening LDOS, notably the sensitivity of the screening peak in Di (E) to the difference in core-charge between the site being screened and an average site. We expect that the more complex changes in electronic structure that are produced when simple metals are alloyed with d band elements will also influence KLV Auger transitions and that a study of their spectral profiles will provide insight into the electronic structure of such systems. This is indeed the case as is shown by experimental results for Mg alloyed with a large number of d band elements [118, 121] . The KLV lineshapes of Mg change radically in such alloys with new features introduced into the experimental Auger profiles which can be attributed to the hybridization of the LDOS of s and p character with the d band [118, 121, 122] . Figure 7 shows an example of the effects on the Mg KLV profiles that result from alloying with Ag and Pd [118, 121] . The [118] and Davies et al. [121] .
Recently Kucherenko and Perlov [122] [122] , the d band itself may make an important screening contribution. This latter possibility might account for a puzzling anomaly in the Mg KLV spectra of MgZn alloys [15, 118] where it is observed that as the Zn concentration increase the peak in the LDOS of s character, which is prominent in the KLl V spectrum of metallic Mg, is reduced in intensity and is absent from the spectrum of MgZn. This results in very similar profiles for the Mg KLl V and KLz,3 V transitions of MgZn [118, 121] indicating that the screening of the core-hole does not distort either the D; (E) or the Dl (E) LDOS. In these alloys the Zn d band is probably too bound to hybridise with the Mg LDOS but it may make an important contribution to the screening of a Mg core-hole state.
Conclusions
The development of Auger spectroscopy as a probe of local electronic structure has been described. This aspect of Auger spectroscopy developed more slowly than the use of Auger spectroscopy for elemental analysis since although both techniques resulted from advances in the design of electron spectrometers the former was particularly dependent on the development of high performance instruments capable of making high resolution measurements of weak transitions. Another limitation on progress in this aspect of Auger spectroscopy was its dependence on the theoretical work necessary to interpret Auger profiles.
This review has shown that these limitations have now been overcome and that Auger spectroscopy is in the process of reaching its full potential as a probe of local electronic structure. In recent years high performance electron spectrometers capable of yielding high resolution measurements of the profiles of Auger transitions involving valence levels have been constructed and both first principles and approximate theoretical techniques have reached the stage at which they can be used routinely to extract the important information on local electronic structure that is contained in Auger profiles. The review has shown that the study of CCC, CCV and CVV Auger transitions can reveal useful information on local electronic structure provided the experimental results are interpreted in the appropriate theoretical context. The final stàte rule is particularly useful in establishing a framework for the interpretation of CVV and CCV profiles in the absence of electron correlation in the final state and it has been shown that the study of the spectral profiles of such transitions can reveal the nature of the screening configuration and the LDOS and its dependence on electronic structure for core-ionised sites. 
